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Abstract 1 

 Determining robust values for the air-water or NAPL-water interfacial adsorption 2 

coefficient, KIA, is key to characterizing and modeling PFAS transport and fate in several 3 

environmental systems. Direct, high-resolution measurements of surfactant adsorption at the fluid-4 

fluid interface were aggregated from the literature. This data set was used to examine the accuracy 5 

and applicability of Γ and KIA measurements determined for three PFAS from transport 6 

experiments and surface-tension data. The transport-measured Γ and KIA data were observed to be 7 

fully consistent with the directly-measured data. Specifically, Γ values for the two methods were 8 

entirely coincident in the region of overlapping concentrations, which spanned ~4 orders-of-9 

magnitude. Furthermore, the two data sets adhered to an identical Γ-C profile. These results 10 

conclusively demonstrate the accuracy of the transport-measured values. Γ and KIA values 11 

determined from the application of the Gibbs adsorption equation to measured surface-tension data 12 

were fully consistent with the directly-measured and transport-measured data sets, demonstrating 13 

their applicability for representing PFAS transport in environmental systems. The directly-14 

measured data were used to examine the concentration dependency of KIA values, absent the 15 

potential confounding effects associated with the use of surface-tension or transport-measured 16 

data. The directly-measured data clearly demonstrate that KIA attains a constant, maximum limit 17 

at lower concentrations. Two separate analyses of the transport-measured data both produced 18 

observations of constant KIA values at lower concentrations, consistent with the directly-measured 19 

data. These outcomes are discussed in terms of surface activities, relative surface coverages, and 20 

critical concentrations. 21 

 22 

Keywords: PFOS; PFOA; perfluoroalkyl substances; transport; leaching; retention 23 

 24 
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1. Introduction 25 

 Per- and poly-fluoroalkyl substances (PFAS) are now recognized as emerging 26 

contaminants of critical concern due to their widespread presence and long-term persistence in the 27 

environment (e.g., Ahrens, 2011; Cousins et al., 2016; Xiao, 2017; Hatton et al., 2018; Brusseau 28 

et al., 2020). As such, there is great interest in characterizing and modeling their transport and fate 29 

in environmental systems. Most PFAS have a propensity for adsorbing at interfaces. Numerous 30 

studies have been conducted for example to investigate PFAS interactions at aqueous-solid 31 

interfaces. More recently, adsorption of PFAS at fluid-fluid, particularly air-water, interfaces has 32 

become a focus of research. 33 

 As discussed by Brusseau (2019a), there are at least four major scenarios for which fluid-34 

fluid interfacial adsorption may be critically important for the transport and fate of PFAS in the 35 

environment. Recent research has demonstrated that soils are a primary reservoir of PFAS (e.g., 36 

Anderson et al., 2019; Brusseau et al., 2020), and has illustrated the potential for PFAS-37 

contaminated soil to serve as a source of groundwater contamination (e.g., Xiao et al., 2015; Weber 38 

et al., 2017; Dauchy et al., 2019; Høisæter et al., 2019; Guo et al., 2020). The results of miscible-39 

displacement column experiments, mathematical modeling, and chemometric analysis have 40 

confirmed the significance of air-water interfacial adsorption for PFAS transport in unsaturated 41 

porous media (Brusseau, 2018; Lyu et al., 2018; Brusseau, 2019b, 2020;  Brusseau et al., 2019a; 42 

Guo et al., 2020; Lyu and Brusseau, 2020; Lyu et al., 2020;Yan et al., 2020; Li et al., 2021). PFAS 43 

and organic immiscible liquids (NAPL) may co-exist in some source zones (e.g., Moody et al., 44 

2003; McGuire et al., 2014), and adsorption at NAPL-water interfaces may affect the migration of 45 

PFAS in such cases (McKenzie et al., 2016; Brusseau, 2018; Brusseau et al., 2019a). For a third 46 

scenario, water droplets and hydrated aerosols in the atmosphere provide air-water interface that 47 
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may serve as retention domains for PFAS (e.g., Rontu and Vaida, 2007; McMurdo et al., 2008; 48 

Psillakis et al., 2009; Reth et al., 2011), which may be significant considering that certain PFAS 49 

undergo extensive atmospheric transport (e.g., Simcik, 2005; Prevedouros et al., 2006; Ahrens et 50 

al., 2011; Rauert et al., 2018). Finally, air-water interfaces are relevant in several treatment and 51 

remediation processes (e.g., Vecitis et al., 2008; Meng et al., 2014; Dai et al., 2019).  52 

 All of these scenarios require knowledge of the interfacial adsorption behavior of PFAS 53 

for accurate characterization, modeling, and design. Determining robust values for the air-water 54 

or NAPL-water interfacial adsorption coefficient, KIA, is key to characterizing and modeling PFAS 55 

transport and fate in these environmental systems. Therefore, there is great interest in the 56 

measurement of KIA values and in their functional dependency on system conditions. Of particular 57 

concern is the determination of KIA values that are representative of the dynamic conditions 58 

relevant to transport in the environment. The standard method for determining KIA values is to 59 

measure surface/interfacial tension as a function of aqueous concentration and to apply the Gibbs 60 

adsorption equation. This method is a convenient and easily accessible approach for characterizing 61 

fluid-fluid interfacial adsorption and determining KIA values. A critical question to address is if 62 

this approach produces KIA values that are applicable to PFAS transport in dynamic environmental 63 

systems. Another issue of particular import for PFAS transport in the environment is the 64 

concentration dependency of KIA values, given that environmentally relevant concentrations span 65 

many orders of magnitude. Lyu et al. (2018) presented the first comparison of transport-measured 66 

and surface-tension based KIA values and examination of their concentration dependency. The 67 

present study represents an in-depth follow-up investigation of these issues. 68 

 The objectives of this study are three-fold. Transport experiments and surface-tension 69 

measurements both produce indirect determinations of fluid-fluid interfacial adsorption and 70 
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associated KIA values. Hence, the first objective is to examine the robustness of these methods 71 

through a comparison to data generated by direct measurements of fluid-fluid interfacial 72 

adsorption. The results of multiple studies that have used advanced, high-resolution methods to 73 

directly measure adsorbed quantities of surfactant at air-water and NAPL-water interfaces are 74 

aggregated from the literature to generate a gold-standard reference data set. This data set provides 75 

a robust benchmark for evaluating the accuracy of measurements based on transport experiments, 76 

surface-tension measurements, and other methods. It also provides a direct means of examining 77 

the concentration dependency of KIA values. For the second objective, the largest set of KIA data 78 

obtained to date from miscible-displacement transport experiments is aggregated and analyzed to 79 

determine their robustness and concentration dependency. A potential source of uncertainty in 80 

determining KIA values from transport experiments is the need to quantify the magnitude of air-81 

water or NAPL-water interface. Novel approaches are employed herein that minimize or eliminate 82 

this potential uncertainty. The third objective entails examining the robustness of KIA values 83 

determined from surface-tension data and their relevancy for transport conditions by comparing 84 

them to directly-measured and transport-based values. Application of the Gibbs equation to 85 

surface-tension data is often accompanied by an assumption of a specific isotherm model, which 86 

introduces a source of uncertainty. An alternative approach is used herein that eliminates the need 87 

for isotherm-model specification and the associated uncertainty. In total, this study provides the 88 

first comprehensive investigation of the accuracy and robustness of KIA values relevant for PFAS 89 

transport in environmental systems. 90 

 91 

 92 

 93 
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2. Theory 94 

 The amount of PFAS or any substance adsorbed at a fluid-fluid interface, often referred to 95 

as surface excess, is defined as Γ (mol/cm2). The relationship between surface excess and the bulk 96 

solution concentration (C, mol/cm3) defines the KIA:  97 

KIA = Γ/C (1) 98 

where KIA has units of cm. The Gibbs adsorption equation provides a thermodynamically based 99 

relationship between surface tension and surface excess: 100 

𝛤 ൌ
െ 1  
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       ሺ2ሻ 101 

 where  is the surface or interfacial tension (dyn/cm or mN/m), T is temperature (K), R is the 102 

universal gas constant (dyne-cm/mol K), and x in simplified terms is a coefficient equal to 1 for 103 

systems with nonionic surfactants or ionic surfactants with excess electrolyte in solution, and equal 104 

to 2 for systems with ionic surfactants without excess electrolyte (e.g., deionized water). 105 

Combining equations 1 and 2 produces: 106 
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 Equations 2 and 3 are greatly significant in that their application allows the determination 108 

of Γ and KIA values, respectively, from measured surface/interfacial-tension data. For convenience, 109 

Γ and KIA values determined in this manner will be referred to henceforth as “ST-Gibbs” values. 110 

It is important to note that such values are thermodynamic-based measurements derived, albeit 111 

indirectly, from measured surface or interfacial tensions. 112 

 It is widely accepted, standard practice in surfactant and surface science fields to apply the 113 

Gibbs equation to measured surface/interfacial-tension data to determine surface excess. As noted 114 

in the Introduction, a critical question to address is if Γ and KIA values determined from ST-Gibbs 115 
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are applicable for the transport of PFAS in dynamic environmental systems. The first step in such 116 

an assessment is to consider and review the inherent validity of Γ and KIA values determined with 117 

ST-Gibbs. Questions regarding the validity of ST-Gibbs measurements are fundamentally a 118 

question of the validity of the Gibbs equation or, more accurately as will be discussed below, its 119 

application. 120 

 Numerous investigators have demonstrated via detailed treatments that the Gibbs 121 

adsorption equation is based on rigorous thermodynamic principles (e.g., Davies and Rideal, 1962; 122 

Defay et al., 1966; Chattoraj and Birdi, 1984). This work continues, as illustrated by a recent 123 

treatment that demonstrated via thermodynamic principles that both zero-volume and finite-124 

volume assumptions for the Gibbs dividing surface produce identical results for the Gibbs 125 

adsorption equation, confirming the thermodynamic generality and rigor of the equation (Radke, 126 

2015). Hence, there is no question of the inherent validity of the Gibbs adsorption equation in and 127 

of itself. Therefore, questions of its validity are in reality questions of its application, particularly 128 

with respect to the use of surface/interfacial tension data to determine Γ (and thus KIA). 129 

 The quest to demonstrate experimentally the validity of the Gibbs adsorption equation and 130 

its application has been ongoing for decades. The gold-standard approach is to employ an 131 

experimental method that can directly measure the amount of adsorbate present at the fluid-fluid 132 

interface, and then to compare the independently measured adsorption isotherm to the one 133 

determined from ST-Gibbs. Numerous methods have been employed to successfully accomplish 134 

this, including physical collection of the surface excess using microtome or bubble-generation 135 

systems, radiotracer measurement, optical methods, various spectroscopic methods, and neutron 136 

reflectometry. Davies and Rideal (1961) and Defay et al. (1966) provide overviews of the many 137 

initial attempts conducted in the early-mid 1900’s to use independent measurements to validate 138 
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application of the Gibbs equation. Many of the earliest attempts employed physical means such as 139 

microtomes or bubble generation to physically collect the surface excess for subsequent 140 

quantification. For example, good correspondence was observed between surface excess measured 141 

with a microtome method versus ST-Gibbs (Snavely et al., 1962). Several investigators have used 142 

radiolabeled surfactants to provide direct quantification of the surface excess and shown 143 

consistency with ST-Gibbs (e.g., Tajima et al., 1970; Muramatsu et al., 1973). More recently, 144 

neutron reflectometry has become a standard method for the direct measurement of adsorbed 145 

surfactant at air-water interfaces. 146 

 Many of the applications of neutron reflectometry (NR) for direct measurement of 147 

surfactant adsorption at the air-water interface have used PFAS as the test surfactant. Simister et 148 

al. (1992) and Downes et al. (1995) both reported that Γmax values measured directly with NR 149 

compared well to those determined with ST-Gibbs for NH4-PFOA. An et al. (1996) used NR to 150 

measure isotherms for Cs-PFOA, Na-PFOA, and H-PFOA in the absence and presence of excess 151 

electrolyte. These directly measured isotherms were compared to those determined with ST-Gibbs. 152 

They showed that the presence of impurities in solution caused a disparity between the two sets of 153 

isotherms for the system without excess electrolyte. However, the isotherms matched well when 154 

the impurities were removed. They also matched well for the isotherms measured in solutions 155 

containing excess electrolyte, the addition of which ameliorates the impacts of impurities. Downer-156 

Eastoe et al. reported similar results for Na-perfluorononanoate (PFNA) and Na-9-H 157 

perfluorononanoate in a series of papers. Downer et al. (1999a) observed that isotherms determined 158 

with ST-Gibbs deviated from those measured with NR, and attributed this disparity to the presence 159 

of impurities. This was confirmed in follow-up studies, wherein it was reported that the two sets 160 

of isotherms matched well when all sources of impurities were removed (Downer et al., 1999b; 161 
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Eastoe et al., 2000). Similarly, the ST-Gibbs based isotherm matched very well to the isotherm 162 

measured directly with NR for NH4-PFNA (Sekine et al., 2004). 163 

 In addition to the results reported in the preceding paragraph for the anionic perfluoroalkyls 164 

PFOA and PFNA, consistency between NR-measured and ST-Gibbs-measured isotherms has been 165 

demonstrated for other PFAS. These include anionic dual-chain polyfluoroalkyl sulfosuccinates 166 

(Downer et al., 1999b; Eastoe et al., 2000), nonionic perfluoroalkyl triethyleneoxide methyl ethers 167 

(Eastoe et al., 2001), nonionic fluorinated ethylene oxides (Richards et al., 2003; Eastoe et al., 168 

2006), and a nonionic fluorotelomer (Dupont et al., 2003). Consistency between NR and ST-Gibbs 169 

isotherms has also been reported for a range of hydrocarbon surfactants, including anionics, 170 

cationics, nonionics, and zwitterionics (e.g., Lu et al., 1993; Hines et al., 1997; Nave et al., 2000). 171 

 Malec et al. (2004) used horizontal-touch voltammetry (HTV) and Brewster angle 172 

microscopy as two independent methods to directly measure the air-water interfacial adsorption 173 

isotherm for a nonionic hydrocarbon surfactant (C8Tempo). The isotherm determined from ST-174 

Gibbs compared very well to the two directly measured isotherms. This is shown in the reproduced 175 

data presented in Figure 1. It is noted that the Langmuir isotherm provides an excellent fit to the 176 

measured data sets over the entire concentration range. 177 

 In summary, it is indisputable that the Gibbs adsorption equation is fundamentally valid.  178 

Furthermore, the research highlighted above, in addition to other works, has conclusively 179 

demonstrated that application of the Gibbs adsorption equation to surface/interfacial tension data 180 

produces correct measurements of surface excess, validating the standard approach. Hence, any 181 

discrepancies observed when employing this approach are not an issue of the inherent validity of 182 

the Gibbs equation itself or its fundamental application, but rather the result of experimental 183 

limitations related to impurities, measurement error, or other issues (e.g., An et al., 1996; 184 
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Mukherjee et al., 2013; Martínez-Balbuena et al., 2017). As a corollary, KIA values determined 185 

from ST-Gibbs must therefore also be valid in principle. It is particularly noteworthy that many of 186 

the experiment-based demonstrations of validity discussed above employed various PFAS. Hence, 187 

there is no readily apparent reason that Γ and KIA values determined from ST-Gibbs should not be 188 

valid in general for the adsorption of PFAS at air-water or NAPL-water interfaces. The relevant 189 

question then becomes, if such values are applicable for the dynamic conditions of PFAS transport 190 

in environmental systems. 191 

 192 

3. Methods 193 

3.1 Data Sets 194 

 Published transport and surface-tension data sets are used for this study. Brusseau and 195 

colleagues reported the first PFAS KIA values determined from unsaturated-flow miscible-196 

displacement transport experiments (Lyu et al., 2018; Brusseau et al., 2019a; Brusseau, 2020; Lyu 197 

and Brusseau, 2020; Yan et al., 2020). The raw data were reprocessed and aggregated as described 198 

in the Supplemental Information (SI) file (section SI-1). Two recent studies of PFOA transport in 199 

unsaturated sand conducted by another research group (Lyu et al., 2020; Li et al., 2021) are 200 

available for comparison to the work of Brusseau and colleagues. These are described in section 201 

SI-1 of the SI. Surface-tension data sets are also reported in the source studies. Additional PFOA 202 

surface-tension measurements were conducted for this study as described in the SI (SI-2). Several 203 

studies reporting direct measurements of the adsorption of surfactants at the air-water and NAPL-204 

water interfaces were retrieved from the literature. These are listed in Table SI-1 in the SI file. 205 

 Transport-measured data are presented for three PFAS (PFOA, PFOS, APMO) and for one 206 

hydrocarbon surfactant (SdDBS). Note that both air-water and NAPL-water data are available for 207 
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PFOS from the study of Brusseau et al. (2019a), with decane as the NAPL. Directly-measured data 208 

are presented for three PFAS (PFOA, PFNA, C6F13PEO) and for several common hydrocarbon 209 

surfactants, including SDS. The acronyms are defined in Table SI-2 in the SI. 210 

 211 

3.2 Miscible-Displacement Transport Data Analysis 212 

 The retardation factor, R, for aqueous-phase transport of an adsorbing solute under water-213 

unsaturated conditions is defined as (e.g., Kim et al., 1997; Brusseau et al., 2007): 214 

R = 1 + Kdρb/θw + KIAAIA/θw  (4) 215 

where Kd is the solid-phase sorption coefficient (cm3/g), ρb is porous-medium bulk density (g/cm3), 216 

θw is volumetric water content (-), and AIA is the specific air-water or NAPL-water interfacial area 217 

(cm2/cm3). Note that the latter term represents the amount of fluid-fluid interfacial area normalized 218 

by the volume of the porous medium. The R in equation 4 comprises contributions from all sources 219 

of retention. The contribution associated with adsorption at the fluid-fluid interface is: 220 

KIA
0 = KIAAIA/θw  (5) 221 

where KIA
0 is the nondimensional term representing the magnitude of fluid-fluid interface 222 

retention, which can be considered a normalized KIA. 223 

 Details of how R and KIA
0 are quantified from the breakthrough curves generated from 224 

transport experiments are provided in the SI (section SI-1). The description of how measured 225 

surface-tension data are used in conjunction with the Gibbs equation to determine Γ and KIA values 226 

is also provided in the SI (section SI-2). Discussion of potential sources of uncertainty for 227 

determination of the measurements is provided in relevant sections of the SI and in section 4.3 of 228 

the Results and Discussion. 229 

 230 
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4. Results and Discussion 231 

4.1 Data Comparisons and Concentration Scaling 232 

 Γ and KIA values measured for multiple PFAS and hydrocarbon surfactants in different 233 

ionic-strength solutions are compared in this study as a function of aqueous concentrations. The 234 

relevant concentrations for such comparisons are not the actual values but rather the concentrations 235 

relative to the respective surface activities of each surfactant-solution system. Hence, the aqueous 236 

concentrations are scaled to account for the differences in surface activities of the different 237 

systems. One approach for scaling is to normalize the concentration by a reference concentration 238 

such as the critical micelle concentration (CMC). This approach has been used to scale both 239 

surface-tension and surface-excess data comprising different surfactants and different ionic 240 

strengths/compositions (e.g., Matuura et al., 1962; Hill et al., 2018). Other reference 241 

concentrations can also be used, such as the inflection point of the surface-tension curves (the point 242 

of maximum change in slope), which is a critical reference point (Brusseau, 2019a). For example, 243 

the inflection-point concentrations are approximately 3.3 ∙ 10-6 M, 3.3 ∙ 10-5 M, and 7.3 ∙ 10-5 M 244 

for PFOS, PFOA, and APMO, respectively. Another approach, based on mean ionic activity, has 245 

been used to scale systems comprising different ionic strengths (e.g., Miyajima et al., 1980; 246 

Fainerman et al., 2002). For example, Gurkov et al. (2005) used this approach to scale surface-247 

coverages calculated from surface-tension data for different surfactants, including both air-water 248 

and NAPL-water systems.  249 

 The concept of scaling to match surface activities is illustrated with two sets of surface-250 

tension data, one reported by Lunkenheimer et al. (2015) for the C6-C11 series of Na-251 

perfluorocarboxylic acids and the other set reported by Brusseau and Van Glubt (2019) for Na-252 

PFOA in different ionic-strength solutions (see Figure SI-1 in the SI). The C6-C11 data exhibit 253 
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typical behavior wherein the PFAS with the longest chain has the greatest surface activity, and the 254 

surface activities decrease in sequence by chain length for the remaining PFAS (Figure SI-1A). 255 

The surface activity of PFOA is observed to be greater for higher ionic strength, as expected 256 

(Figure SI-1B). These data can be scaled as described above to account for the observed differences 257 

in surface activities. 258 

 The data scaled by the respective CMCs are presented in Figure SI-2A. The net result of 259 

scaling is that all 9 curves collapse into one master curve. This standard scaling procedure produces 260 

non-dimensional units for the normalized concentrations. This can be limiting in cases for which 261 

actual concentration units are desired. The data scaled by mean ionic activity are presented in 262 

Figure 2A-B. It is observed that this scaling approach produces a master curve for all of the PFOA 263 

(C8) data, including the different ionic strengths. However, this approach does not scale the 264 

different PFAS. 265 

 A novel scaling method is introduced in this study wherein concentrations are standardized 266 

to match the surface activity of a selected common or representative surfactant. PFOA is selected 267 

for the purposes of this study. For the example of PFOA, PFOS, and APMO, the net result of 268 

applying the alternative scaling with respect to PFOA is that the concentrations for PFOS and 269 

APMO are in effect multiplied by a scaling factor (Sf) of 10 and 0.45, respectively, based on their 270 

respective inflection-point reference values noted above. This produces scaled PFOS and APMO 271 

aqueous concentrations equivalent to those of PFOA in terms of similar surface activities. This 272 

scaling factor can be thought of as the relative surface-activity strength of a given surfactant 273 

compared to that of PFOA. For example, PFOS can be considered to have a 10-times greater 274 

surface activity than PFOA for a given non-scaled concentration. This approach allows the use of 275 

actual concentration units rather than normalized units. It is critical to note that this scaling 276 
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procedure does not change the inherent nature of the individual data sets. It only translates the 277 

curves along the x-axis to facilitate direct comparison. Specifically, the curve is translated 278 

rightward for Sf>1 and leftward for Sf<1.  Thus, the actual nature of the relationships (e.g., the γ-279 

C and Γ-C profiles) is preserved. 280 

 Application of this approach to the data sets presented in Figure SI-1 is shown in Figure 281 

SI-2C. All data sets collapse into one master curve. The respective scaling factors are reported in 282 

the figure caption. Scaled with respect to PFOA, it is observed that the scaling factors are larger 283 

than 1 for the PFAS with greater activities (longer chains), and less than 1 for those with weaker 284 

activities (shorter chains). Similarly, the scaling factors are greater than 1 for the two non-zero 285 

ionic-strength data sets. 286 

 287 

4.2 Direct Measurements of Surfactant Adsorption at the Fluid-Fluid Interface 288 

 Several methods have been used to directly measure the adsorbed quantity of surfactant at 289 

the fluid-fluid interface (Γ), as previously discussed. Data sets collected from the literature for 290 

PFOA, PFNA, C6F13PEO, and 7 hydrocarbon surfactants are presented in Figure 2A. The specific 291 

data sets used in the figure, along with the respective Γmax and scaling factors, are reported in Table 292 

SI-1. The measurements of Γ were extended to sufficient concentrations to attain maximum values. 293 

Therefore, the Γmax values used for normalizing Γ were determined directly from the measured 294 

data. As noted above, the concentration scaling does not alter the Γ-C profiles of the individual 295 

data sets. To illustrate, the Γ-C data for SDS and SDBS plotted with actual, unscaled 296 

concentrations are reported in Figure 2B. Comparison of Figures 2A and 2B shows identical 297 

overall Γ-C profiles irrespective of scaling or no scaling. Together, these observations indicate that 298 

the normalization and scaling procedure did not introduce bias or uncertainty to the analysis. 299 
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 The striking observation for Figure 2A is the consistency of all of the data sets. The 300 

measured data span more than 4.5 orders-of-magnitude in aqueous concentration. Of particular 301 

import, the measurements span from 100% down to ~0.6% relative surface coverage (Γ/Γmax). In 302 

total, the data represent 11 different direct-measurement methods. Notably, data reported for SDS 303 

comprise 6 different measurement methods. Also of note is that three data sets are reported for 304 

NAPL-water systems, and that the data sets include measurements for solutions with ionic 305 

strengths of 0.1, 0.01, and ~0. These factors increase the degree of difficulty for and broaden the 306 

applicability of the comparative assessment. 307 

 One important point to address is the equilibrium conditions of the measurements. Neutron 308 

reflectometry is considered to provide equilibrium measures of surface excess (e.g., Eastoe et al., 309 

2000, 2003). This has been confirmed for example by comparison of NR-measured isotherms to 310 

those measured by drop-volume tensiometry (e.g., Downer et al., 1999b; Eastoe et al., 2000, 2001, 311 

2006; Nave et al., 2000; Dupont et al., 2003), the use of which ensures equilibrium is attained (e.g., 312 

Downer et al., 1999a; Eastoe et al., 2000, 2001). As noted above, 6 measurement methods were 313 

reported for SDS. The isotherms measured for SDS by the five other methods are consistent with 314 

the NR-measured isotherm. This indicates that the surface excesses measured by these other 315 

methods also represent equilibrium conditions. 316 

 It is critical to recognize that most of these measurements were obtained with advanced, 317 

high-resolution methods designed to directly characterize soft-matter surfaces and interfaces. 318 

These include the HTV, BAM, VSFS, NICISS, IRRAS, and NR methods. The other methods 319 

represent ingenious approaches for the physical collection (microtome, bubble generation, 320 

emulsion formation) or direct measurement (radiotracer) of surface excess. As such, these data 321 

represent the most accurate and robust direct measurements of surfactant adsorption at fluid-fluid 322 
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interfaces available. This data set serves as a gold-standard benchmark to which to compare 323 

measurements obtained with other methods. 324 

 Measured KIA values can be determined from the data presented in Figure 2 by application 325 

of equation 1. Normalized KIA values determined for the entire data set presented in Figure 2A are 326 

shown in Figure 3A. The non-scaled data set for air-water interfacial adsorption of SDS and SDBS 327 

determined from the data presented in Figure 2B is shown in Figure 3B. The KIA-C functions are 328 

similar for scaled and non-scaled data, consistent with the adsorption isotherms. To our 329 

knowledge, these data represent the first reported KIA values obtained from direct, high-resolution 330 

measurements of surfactant adsorption at air-water and NAPL-water interfaces. 331 

 It is clearly evident that the KIA values asymptotically approach and eventually attain 332 

constant values at lower aqueous concentrations. The slope of the curve begins to decrease at a 333 

concentration >10-4 M and attains constancy at >10-5 M, after which it remains constant for more 334 

than 1.5 orders of magnitude change in concentration. These results clearly demonstrate that KIA 335 

values for surfactant absorption at fluid-fluid interfaces are subject to a maximum upper limit at 336 

lower concentrations. 337 

 338 

4.3 Transport-Measured Γ and KIA values & Uncertainty Analysis 339 

 Example arrival fronts for transport of PFOA, PFOS, and APMO in the sand under 340 

unsaturated conditions are shown in Figure SI-3. The magnitude of retardation is observed to be 341 

greatest for PFOS, the PFAS with the longest chain and greatest surface activity, whereas APMO, 342 

which has the shortest chain and weakest surface activity, has the lowest magnitude of retardation. 343 

The contribution of solid-phase sorption to retardation is relatively low for all three PFAS. In 344 

addition, the magnitude of AIA is similar for all three experiments because similar water saturations 345 
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were used. Hence, the observed significant differences in retardation are due to the relative 346 

magnitudes of air-water interfacial adsorption (i.e., KIA) among the three PFAS. 347 

 There are four primary sources of uncertainty in the determination of KIA (and Γ) values 348 

from transport experiments. The first two comprise measurement uncertainty associated with the 349 

transport experiments and the data-analysis methods used to determine retardation factors. These 350 

two sources are discussed in sections SI-3 and SI-4, respectively, of the SI. In summary, the 351 

methods used are demonstrably robust. The third source of uncertainty entails quantifying the 352 

contribution of solid-phase sorption for the determination of KIA
0 with equation 4. Specification 353 

of AIA for determination of KIA from equation 5 is the fourth source of uncertainty. This latter step 354 

can be problematic in some cases, particularly for porous media that have not been sufficiently 355 

characterized. Inaccurate characterization of Kd and/or AIA can be a source of uncertainty in 356 

generating representative KIA and Γ values from transport experiments. These potential constraints 357 

are mitigated in this study through the use of highly characterized media. 358 

 The transport data used for this study were generated from experiments employing 359 

commercially available natural, well-sorted quartz sand. Several advantages accrue to using such 360 

a porous medium. First, this type of sand has been used in many transport studies conducted by 361 

numerous investigators and, as such, it serves as a reference natural porous medium. Second, our 362 

prior studies have shown that the sand has a very low magnitude of solid-phase sorption for the 363 

select PFAS used in the transport experiments. In addition, this sorption has been well 364 

characterized and quantified with both transport and batch-isotherm experiments (Van Glubt et al., 365 

2021). As a result, the second term on the r.h.s. of equation 4 is both minor and well quantified, 366 

which means there is minimal associated uncertainty. 367 
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 Another primary advantage of using the selected sand is that it is likely that more 368 

measurements of fluid-fluid interfacial areas have been reported for this particular medium than 369 

for any other porous medium. This provides a significant degree of certainty in determining 370 

relevant AIA values for use in equation 5. In addition, this medium has an appreciable magnitude 371 

of air-water interfacial area. For the conditions of the experiments, the actual air-water interfacial 372 

areas range from ~3800 to 7500 cm2 depending on the volume of the column employed. These 373 

large magnitudes provide great sensitivity to adsorption at the air-water interface, thereby 374 

enhancing the determination of robust KIA values. 375 

 Multiple methods are available to measure AIA, including various interfacial tracer 376 

techniques (e.g., Kim et al., 1997; Anwar et al., 2000; Schaefer et al., 2000; Brusseau et al., 2007, 377 

2008; Araujo et al., 2015; Zhong et al., 2016), a gas-absorption/chemical-reaction method (Lyu et 378 

al., 2017), and high-resolution x-ray microtomography (XMT) (Brusseau et al., 2006, 2007; 379 

Araujo and Brusseau, 2019, 2020). These methods have been used in multiple studies to measure 380 

AIA values for the sand used in this study. Measured values for the water saturations (~65%) 381 

relevant to the transport experiments are presented in Table SI-3. Inspection of Table SI-3 reveals 382 

that the measured fluid-fluid interfacial areas range from ~30 to ~100 cm-1. The smallest values 383 

are those measured by XMT. A recent study demonstrated that XMT imaging provides very 384 

accurate and reproducible measurements of AIA, including for the sand used in the present study 385 

(Araujo and Brusseau, 2020). AIA values measured with XMT can therefore be considered as 386 

benchmark, baseline values for the sand. However, it is critical to note that the XMT values are 387 

smaller than actual transport-relevant values due to the fact that the XMT method does not measure 388 

interfacial area associated with microscopic surface roughness (Brusseau et al., 2007, 2008). 389 
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 Interfacial tracer tests do characterize the contribution of microscopic surface roughness to 390 

fluid-fluid interfacial areas (e.g., Kim et al, 1999; Schaefer et al., 2000; Brusseau et al., 2007, 2008; 391 

Jiang et al., 2020). Interfacial areas measured with aqueous-phase interfacial tracer tests are 392 

anticipated to be the most relevant for PFAS transport scenarios, given the similarity of the 393 

experiment systems (Brusseau, 2019b, 2020). The tracer-based AIA values measured for 394 

saturations of ~0.65 are in the range of 70 to 100 cm-1. The most relevant is the 87 cm-1 value 395 

obtained for an air-water system with the miscible-displacement tracer method (row 3 in Table 1). 396 

The mean of the 6 tracer-test AIA measurements (rows 3-8) is 85 cm-1 (±9.7, 95% CI), which is 397 

close to the prior noted value. The uncertainty in AIA is 11% based on the 95% CI determined for 398 

the different interfacial tracer-test measurements. Interestingly, this value is very similar to the 9% 399 

measurement uncertainty reported by El Ouni et al. (2021) for the aqueous miscible-displacement 400 

interfacial-tracer method. Considering the existence of multiple, consistent independent AIA 401 

measurements for the sand, it can be concluded that there is a relatively high degree of confidence 402 

in the AIA values employed and concomitantly that there is a correspondingly low degree of 403 

uncertainty in the determination of Γ and KIA values from the transport experiments. The 404 

measurement uncertainty for θw (<1%) contributes minimally to Γ and KIA uncertainty. 405 

 An additional transport-measured data set is obtained from experiments conducted for the 406 

transport of SdDBS in an unsaturated glass-bead medium (El Ouni et al., 2021). Air-water 407 

interfacial areas have been measured for this medium with high-resolution XMT (Araujo and 408 

Brusseau, 2020). Prior work has demonstrated that these glass beads do not have measurable 409 

surface roughness (Araujo and Brusseau, 2019). Therefore, the AIA values measured by XMT can 410 

be used in equation 5 to determine KIA for the transport experiments. These values have minimal 411 

uncertainty given the availability of the XMT-measured AIA values. 412 
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 The Γ values measured from the miscible-displacement transport experiments are 413 

presented in Figure 4. The relatively high degree of certainty associated with the column-measured 414 

data is illustrated in multiple ways. First, Γ values were measured for PFOA in 7 separate transport 415 

experiments for the data point labeled in the figure, and the 95% CI is within the size of the data 416 

symbol. Of particular note, these experiments not only included replicate tests but also tests 417 

conducted under different conditions (water content, pore-water velocity, solution conditions). 418 

Second, the measurement uncertainty for these values due to uncertainty in determination of AIA 419 

(~11% as noted above) is equivalent to 1/3 larger than the size of the data symbols. Third, the Γ 420 

value determined from the independent PFOA transport study of Li et al. (2021) is consistent with 421 

the values determined from Lyu et al (2018). Fourth, the values determined for air-water and 422 

NAPL-water systems are consistent for PFOS. Finally, in aggregate, the transport-measured data 423 

span relative surface coverages from ~100% to ~0.01%. All of the values are approximately 424 

coincident along an identical Γ-C profile, illustrating great consistency amongst the data sets.  425 

 426 

4.4 Comparison of Transport-Measured Γ and KIA values to Directly-Measured Values 427 

  The transport-measured Γ data from Figure 4 are combined with the directly-measured 428 

data from Figure 2A, and presented in Figure 5. Some of the direct-measured data sets reported in 429 

Figure 2A are not included to reduce clutter. Together, data are presented for a total of five PFAS, 430 

with three column-measured data sets (PFOA, PFOS, APMO) and three directly-measured data 431 

sets (PFOA, PFNA, C6F13PEO). The measured data span approximately 6.5 orders of magnitude 432 

in aqueous concentration. 433 

 Critically, the transport-measured data are observed to be fully consistent with the directly-434 

measured data. Specifically, Γ values for the two methods are entirely coincident in the region of 435 
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overlapping concentrations, which spans ~4 orders-of-magnitude. Furthermore, the two data sets 436 

adhere to an identical Γ-C profile. The great consistency among Γ data sets measured with different 437 

methods by different investigators for different surfactants is quite remarkable. These results 438 

conclusively demonstrate the accuracy of the transport-measured values. 439 

 The concentration dependency of the column-measured KIA data can be examined now that 440 

they have been determined to be robust. KIA values measured from the transport experiments are 441 

presented in Figure 6. The KIAs clearly attain constant values at lower concentrations. Furthermore, 442 

these constant values are maintained over ~2 orders-of-magnitude. These results clearly 443 

demonstrate that transport-measured KIAs are subject to maximum limiting values at lower 444 

aqueous concentrations. This is fully consistent with the results obtained for the direct-445 

measurement methods (Figure 3). 446 

 447 

4.5 Alternative Analysis of the Concentration Dependency of KIA
0 and KIA 448 

 The determination of KIA values from transport experiments is generally faced with 449 

potential uncertainty due to the need to specify the air-water interfacial area. However, 450 

perspicacious use of equations 4 and 5 provides a means to eliminate this uncertainty when 451 

examining the condition dependency of KIA. Inspection of equation 5 shows that KIA
0 is a function 452 

of KIA, AIA, and θw. Notably, the values of AIA and θw remain constant for experiments conducted 453 

with the same porous medium and water content. Thus, experiments conducted in this manner 454 

allow one to investigate the influence of system variables specifically on KIA without the need to 455 

specify AIA. For the present study, the concentration dependency of KIA
0 and thus KIA is 456 

investigated by examining the results of transport experiments conducted with different input 457 

concentrations for the same medium and water content. Even though the KIA values measured from 458 
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the transport experiments were demonstrated to be robust in the preceding section, this alternative 459 

analysis is conducted to provide an additional, independent means of investigation. 460 

 To compare amongst the three PFAS, the KIA
0 values are normalized by dividing by a 461 

reference KIA
0. A standard reference value would be the maximum KIA

0 value for each PFAS. 462 

However, it is not desirable to make assumptions about maximum values for this analysis given 463 

the focus is on determining the concentration dependency. Hence, an arbitrary reference is selected 464 

of KIA
0

(C=1), i.e., the respective value of KIA
0 measured for each PFAS at the input concentration 465 

of 1 mg/L. The set of KIA
0 values for each PFAS is scaled by the respective KIA

0
(C=1) for that 466 

particular PFAS. Importantly, this normalization procedure preserves the respective profiles of the 467 

individual KIA
0-C functions for each PFAS. The aqueous concentration is not scaled for this 468 

analysis. 469 

 The normalized KIA
0 values as a function of aqueous concentration are presented in Figure 470 

7. The KIA
0 values asymptotically approach maximum values, which are attained at concentrations 471 

of approximately 0.1 to 1 mg/L. There is some variability between the three PFAS, due to non-472 

scaling of the concentrations. PFOS is observed to exhibit a sharper slope than PFOA whereas 473 

APMO exhibits a much more moderate slope, both consistent with the respective differences in 474 

surface activities. As noted previously, these data represent experiments that were conducted with 475 

the same porous medium and similar water contents. Hence, these results demonstrate that KIA 476 

values determined from the transport experiments exhibit asymptotic approaches to maximum 477 

values for these three PFAS. This conclusion is determined without the need to specify AIA, and 478 

therefore is not subject to any uncertainty in that regard. The results of this analysis are consistent 479 

with the prior analyses. 480 

 481 
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4.6 Comparison of Direct, Transport, and ST-Gibbs Measurements 482 

 Γ and KIA values determined by applying the Gibbs adsorption equation to measured 483 

surface-tension data for PFOA are presented in Figures 4-6. Inspection of Figure 5 reveals that the 484 

ST-Gibbs values are fully consistent with the data obtained by the direct-measurement methods. 485 

This illustrates the consistency of ST-Gibbs and direct-measured data discussed in the Theory 486 

section. As noted therein, the consistency of the two data sets demonstrates the validity of applying 487 

the Gibbs equation to surface/interfacial-tension data to determine Γ and KIA. 488 

 Inspection of Figures 4-6 shows that the ST-Gibbs data are consistent with the transport-489 

measured data. This is further examined by comparing the full set of transport-measured KIA values 490 

to ST-Gibbs-determined values in Figure 8. Excellent correspondence is exhibited among the large 491 

number of measurements (41 total). This data set comprises KIA values determined for solutions 492 

of 4 different ionic strengths (1.5, 5, 10, and 30 mM), two ionic compositions (NaCl and CaCl2), 493 

different pHs (5-8), and for tests conducted with different water saturations (ranging from 0.4-494 

0.86) and mean pore-water velocities, and for three PFAS. Hence, the data span a wide range of 495 

conditions. These results demonstrate that the Gibbs adsorption equation can be applied to 496 

measured surface/interfacial tension data to determine KIA values that are representative for 497 

transport conditions. 498 

 Specific KIA values determined from NR direct measurements, the transport experiments, 499 

and from ST-Gibbs can be compared for further assessment of consistency. This is done for PFOA 500 

in 0.01 M NaCl at an aqueous concentration of 10 μg/L. Any such assessment should account for 501 

measurement uncertainty for each of the methods. NR measurements have a reported uncertainty 502 

of ~5% (see the relevant references cited for the NR data). The uncertainty associated with the 503 

surface-tension measurements and the transport experiments is discussed in section SI-2 of the SI 504 
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and section 4.3, respectively. The following KIA values are determined: NR = 0.0032 (0.0030-505 

0.0034), transport = 0.0033 (0.0028-0.0038), and ST-Gibbs = 0.0032 (0.0024-0.0040). The 506 

comparison reveals that the mean values for all three are essentially identical. As a result of this 507 

consistency, predicted retardation factors calculated using either the NR or ST-Gibbs KIA values 508 

match the measured R values obtained from the transport experiments (data not shown). The KIA 509 

values as a function of concentration are compared in Figure SI-4. It is observed that the KIA-C 510 

profiles for all three measurements are coincident within the measurement uncertainty. The results 511 

are consistent with the original comparison reported by Lyu et al. (2018). 512 

 Inspection of Figure 5 shows that the Langmuir isotherm provides an excellent match to 513 

all of the measured data. It is notable that the isotherm was fit only to the PFOA data obtained 514 

from the direct NR measurements. None of the transport-measured data, ST-Gibbs data, or the 515 

other directly-measured data were used for the isotherm fitting. This further supports the 516 

consistency of the data sets. It also demonstrates that the Langmuir isotherm is appropriate for 517 

describing these data over an extremely large (6.5 log) aqueous concentration range and 4-log 518 

range in measured interfacial adsorption. The isotherm represents both the linear adsorption 519 

observed at lower concentrations, as the Langmuir isotherm reduces to the Henry linear isotherm 520 

at low concentrations, while also representing the attainment of maximum interfacial adsorption 521 

at high concentrations. 522 

  523 

4.7 Surface Coverage and Critical Concentrations 524 

 The directly-measured Γ data can be used to characterize relative surface coverage (Γ/Γmax) 525 

for fluid-fluid interfacial adsorption. Inspection of Figures 2, 4, and 5 shows that the surface 526 

coverages for all 5 PFAS and all 8 hydrocarbon surfactants in different ionic-strength solutions, 527 
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and including both air-water and NAPL-water systems, collapse to one master curve upon scaling, 528 

as noted above. This illustrates the concurrence of fluid-fluid interfacial adsorption behavior 529 

amongst the various systems in terms of relative surface coverage. Hence, surface coverage can 530 

be considered a controlling discriminant for surfactant behavior with equivalence and correlation 531 

to surface activity. 532 

 The normalized KIA is compared to the surface coverage in Figure 9. The concentration at 533 

which KIA approaches ~95% of the maximum corresponds to approximately 10% surface 534 

coverage. Hence, the region wherein KIA is essentially constant, and for which the measured 535 

adsorption isotherm is effectively linear, has surface coverages of <10%. Similar results are 536 

obtained using the directly-measured SDS-SDBS data (Figure SI-5). 537 

 The expectation of linear fluid-fluid interfacial adsorption at very low surface coverages is 538 

widely established in surfactant and surface science (e.g., Chang and Franses, 1995; Eastoe and 539 

Dalton, 2000; Berg, 2010; Danov and Kralchevsky, 2012; Romsted, 2014; Tadros, 2015; Lang and 540 

Liu, 2016; Aveyard, 2019). This is often referred to as Henry’s adsorption. Such ideal, linear 541 

behavior is consistent with coverages that are sufficiently low such that lateral interactions 542 

amongst adsorbed monomers is minimal and the total occupied area is small relative to the total 543 

interfacial area. The linear isotherm and constant KIA observed at low concentrations for the 544 

directly-measured data and the transport-measured data are consistent with ideal conditions at low 545 

surface coverage. 546 

 The specific concentration at which the onset of linear adsorption and constant KIA will be 547 

observed for any given surfactant will depend on the surface activity of that particular surfactant 548 

and when the degree of surface coverage becomes sufficiently low such that adsorption becomes 549 

ideal. In terms of a readily measurable property such as the surface-tension function, Figure SI-6 550 
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shows that PFOA surface tension begins to decrease significantly in the range of 10% surface 551 

coverage. This is consistent with the results reported for CTAB by Mukherjee et al. (2013). The 552 

critical surface coverage for surface-tension reduction is consistent with that for the attainment of 553 

KIA constancy. 554 

 These results highlight an important point concerning the adsorption behavior of 555 

surfactants at fluid-fluid interfaces with regards to concentration-related effects. It is not the actual 556 

concentration that is of import, but rather the concentration with respect to the surface activity and 557 

degree of surface coverage under the extant conditions. One may define a set of concentration 558 

regimes based on correlation of the ranges of PFAS concentrations observed in environmental 559 

systems of interest to transport phenomenon of import. For the example of PFAS adsorption at 560 

fluid-fluid interfaces, the critical concentrations at which KIA values approach their maximum are 561 

likely to be higher than measured concentrations at many (but not all) sites, as noted by Brusseau 562 

(2019a). The critical concentrations may be lower than measured concentrations for example at 563 

some AFFF source zones. This approach can be applied to other transport phenomena of relevance 564 

to PFAS fate in the environment. 565 

 566 

5. Conclusions 567 

 Direct, high-resolution measurements of surfactant adsorption at the air-water and NAPL-568 

water interface were aggregated from the literature. These data represent the most accurate and 569 

robust measurements of Γ and KIA values that exist to date. This data set provides a gold-standard 570 

benchmark for evaluating the accuracy of measurements based on transport experiments, surface-571 

tension measurements, and other methods. It is anticipated that this data set will be useful for future 572 
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development and testing of methods for measurement and estimation of PFAS adsorption at fluid-573 

fluid interfaces. 574 

 The largest data set to date of Γ and KIA values measured from transport experiments was 575 

compiled from several miscible-displacement studies investigating the transport of PFAS in 576 

unsaturated porous media. Although the need to specify AIA can be an impediment to accurate 577 

determination of KIA values from transport experiments, the use of highly characterized media 578 

with robust measures of AIA minimized this issue for the present study. Γ and KIA values 579 

determined from the transport-measured data were observed to be fully consistent with the 580 

directly-measured data. These results conclusively demonstrate the accuracy of the transport-581 

measured values. This in turn validates the efficacy of the methods used for the transport 582 

experiments and the values used for AIA. Γ and KIA values determined from the application of the 583 

Gibbs equation to measured surface-tension data were fully consistent with the directly-measured 584 

and transport-measured data. 585 

 The directly-measured data were used to examine the concentration dependency of KIA 586 

values, which clearly demonstrated that KIA attains a constant, maximum value at lower 587 

concentrations. Two separate analyses of the transport-measured data both produced observations 588 

of constant KIA values at lower concentrations, consistent with the directly-measured data. The 589 

critical concentration at which adsorption is effectively linear and KIA approaches its maximum 590 

depends on the relative surface coverage, which is a function of the surface activity of the particular 591 

PFAS under the extant conditions. The importance of evaluating concentrations in terms of surface 592 

activities and surface coverage, and the concept of defining critical concentrations in reference to 593 

PFAS transport phenomena of interest was discussed. 594 
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 The outcomes of this study should be of relevance to the characterization and modeling of 595 

PFAS transport and fate in multiple environmental systems. The results of this study elucidate the 596 

fundamental concentration-dependency behavior for PFAS fluid-fluid interfacial adsorption. 597 

However, the actual magnitudes and significance of interfacial adsorption, particularly for field 598 

systems, are a function of a number of factors and other processes as described in prior studies 599 

(e.g., Brusseau, 2018, 2019b, 2020; Brusseau and Van Glubt, 2019; Brusseau et al., 2019a, 2019b; 600 

Guo et al., 2020). The impacts of factors such as soil physical and geochemical heterogeneity and 601 

PFAS mixtures require further investigation. 602 

  603 

 604 

Acknowledgements 605 

 This research was supported by the NIEHS Superfund Research Program (P42 ES04940) 606 

and by the National Science Foundation (2023351). Sarah Van Glubt is thanked for her assistance 607 

with the surface-tension measurements. The reviewers are thanked for their constructive 608 

comments. 609 

 610 

  611 



Figure Captions 

  

Figure 1. Adsorption of surfactant C8Tempo at the air-water interface measured directly with 

horizontal-touch voltammetry (HTV) and Brewster angle microscopy (BAM), and determined 

from application of the Gibbs adsorption equation to measured surface-tension data (ST-Gibbs). 

The solid line represents the best-fit Langmuir isotherm to the aggregated data. Data reproduced 

from Malec et al. (2004). 

 

Figure 2. Direct measurements of surfactant adsorption (Γ) at the air-water and NAPL-water 

interface. (A) All data, with scaled aqueous concentrations; (B) non-scaled data for sodium 

dodecyl sulfate (SDS) and sodium decylbenzene sulfonate (SDBS) combined (air-water only). 

Data compiled from the literature (see Table SI-1). The aqueous concentrations are scaled to 

match the surface activity of PFOA. The scaling factors (Sf) and Γmax values are presented in 

Table SI-1. BAM = Brewster angle microscopy, Bubble = bubble generation, emulsion = 

emulsion formation, HTV = horizontal touch voltammetry, IRRAS = infrared reflection 

absorption spectroscopy, NICISS = neutral impact collision ion scattering spectroscopy, NR = 

neutron reflectometry, RT= radiotracer, Surf Pot = surface potential, VSFS = vibrational sum 

frequency spectroscopy; O-W represents a NAPL-water system. 
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Figure 3. Fluid-fluid interfacial adsorption coefficients (KIA) determined from the directly 

measured data reported in Figure 2. (A) Entire data set reported in Figure 2A; (B) non-scaled 

data for sodium dodecyl sulfate (SDS) and sodium decylbenzene sulfonate (SDBS) from Figure 

2B (air-water only).  

 

Figure 4. Measured air-water and NAPL-water (O-W) interfacial adsorption from transport 

experiments and from application of the Gibbs adsorption equation to measured PFOA surface-

tension data (ST-Gibbs). 

 

Figure 5. Comparison of measured fluid-fluid interfacial adsorption determined from transport 

experiments (closed symbols) reported in Figure 5 and from direct-measurement methods (open 

symbols) reported in Figure 2A. Values are also reported from application of the Gibbs 

adsorption equation to measured PFOA surface-tension data (ST-Gibbs). The Langmuir isotherm 

was fit to only the PFOA data measured directly with neutron reflectivity; no other data were 

used for the optimization. 

 

Figure 6. Concentration dependency of KIA values measured from transport experiments. Values 

are also reported from application of the Gibbs adsorption equation to measured PFOA surface-

tension data (ST-Gibbs). 

 

Figure 7. Analysis of concentration dependency of KIA
0. Note that three and two measurements 

are represented by the PFOA and PFOS data points, respectively, at C = 1. The line is shown for 

visualization purposes. 
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Figure 8. One-to-one comparison of KIA values measured from transport experiments and 

application of the Gibbs equation to measured surface-tension data. 

 

Figure 9. Normalized KIA versus surface coverage (Γ/Γmax) determined from directly-measured 

data reported in Figures 2A and 3A, respectively. 
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FIGURES 

 

  

Figure 1. Adsorption of surfactant C8Tempo at the air-water interface measured directly with 

horizontal-touch voltammetry (HTV) and Brewster angle microscopy (BAM), and determined 

from application of the Gibbs adsorption equation to measured surface-tension data (ST-Gibbs). 

The solid line represents the best-fit Langmuir isotherm to the aggregated data. Data reproduced 

from Malec et al. (2004). 
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Figure 2. Direct measurements of surfactant adsorption (Γ) at the air-water and NAPL-water 

interface. (A) All data, with scaled aqueous concentrations; (B) non-scaled data for sodium 

dodecyl sulfate (SDS) and sodium decylbenzene sulfonate (SDBS) combined (air-water only). 

Data compiled from the literature (see Table SI-1). The aqueous concentrations are scaled to 

match the surface activity of PFOA. The scaling factors (Sf) and Γmax values are presented in 

Table SI-1. BAM = Brewster angle microscopy, Bubble = bubble generation, emulsion = 

emulsion formation, HTV = horizontal touch voltammetry, IRRAS = infrared reflection 

absorption spectroscopy, NICISS = neutral impact collision ion scattering spectroscopy, NR = 

neutron reflectometry, RT= radiotracer, Surf Pot = surface potential, VSFS = vibrational sum 

frequency spectroscopy; O-W represents a NAPL-water system. 
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Figure 3. Fluid-fluid interfacial adsorption coefficients (KIA) determined from the directly 

measured data reported in Figure 2. (A) Entire data set reported in Figure 2A; (B) non-scaled 

data for sodium dodecyl sulfate (SDS) and sodium decylbenzene sulfonate (SDBS) from Figure 

2B (air-water only).  
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Figure 4. Measured air-water and NAPL-water (O-W) interfacial adsorption from transport 

experiments and from application of the Gibbs adsorption equation to measured PFOA surface-

tension data (ST-Gibbs). 
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Figure 5. Comparison of measured fluid-fluid interfacial adsorption determined from transport 

experiments (closed symbols) reported in Figure 5 and from direct-measurement methods (open 

symbols) reported in Figure 2A. Values are also reported from application of the Gibbs 

adsorption equation to measured PFOA surface-tension data (ST-Gibbs). The Langmuir isotherm 

was fit to only the PFOA data measured directly with neutron reflectivity; no other data were 

used for the optimization.  
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Figure 6. Concentration dependency of KIA values measured from transport experiments. Values 
are also reported from application of the Gibbs adsorption equation to measured PFOA surface-
tension data (ST-Gibbs). 
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Figure 7. Analysis of concentration dependency of KIA
0. Note that three and two measurements 

are represented by the PFOA and PFOS data points, respectively, at C = 1. The line is shown for 
visualization purposes. 
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Figure 8. One-to-one comparison of KIA values measured from transport experiments and 
application of the Gibbs equation to measured surface-tension data. 
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Figure 9. Normalized KIA versus surface coverage (Γ/Γmax) determined from directly-measured 
data reported in Figures 2A and 3A, respectively. 
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